Platelet-rich plasma (PRP) is widely used for many clinical indications including wound healing due to the high concentrations of growth factors. However, the short half-life of these therapeutic proteins requires multiple large doses, and their efficacy is highly debated among clinicians. Here we report a method of protecting these proteins and releasing them in a controlled manner via a heparin-based coacervate delivery vehicle to improve wound healing in a porcine model. Platelet-derived proteins incorporated into the coacervate were protected and slowly released over 3 weeks in vitro. In a porcine model, PRP coacervate significantly accelerated the healing response over 10 days, in part by increasing the rate of wound reepithelialization by 35% compared to control. Additionally, PRP coacervate doubled the rate of wound contraction compared to all other treatments, including that of free PRP proteins. Wounds treated with PRP coacervate exhibited increased collagen alignment and an advanced state of vascularity compared to control treatments. These results suggest that this preparation of PRP accelerates healing of cutaneous wounds only as a controlled release formulation. The coacervate delivery vehicle is a simple and effective tool to improve the therapeutic efficacy of platelet-derived proteins for wound healing.
Introduction
Protein therapies have high potential to improve clinical outcomes in the field of tissue regeneration. These proteins, particularly growth factors and cytokines, relay signals between cells and their extracellular environment, providing cues for cells to proliferate, differentiate, migrate or secrete extracellular matrix (ECM) proteins. Supplying exogenous growth factors to injured tissues has the potential to accelerate healing and regeneration of tissues; however, they must be applied in a sustained fashion to show efficacy [1] [2] [3] . Due to very short half-lives, this is not possible with free growth factors, while large doses are cost-prohibitive and often result in undesirable off-target effects [3] .
The ideal regenerative therapy would involve a delivery system to extend the bioactive half-lives of naturally-derived exogenous proteins rather than expensive recombinant proteins. Several approaches have been proposed to meet this clinical need, but few have demonstrated success in a clinical setting [4] .
Cutaneous wound healing requires the coordination of many complex processes such as cell proliferation, migration, angiogenesis, and ECM deposition [5] . Each of these processes relies on a specific set of signaling cytokines and growth factors. Wounds are typically able to resolve themselves and close over time, however comorbidities such as diabetes and obesity can impair the healing response and result in a chronic non-healing wound. Chronic wounds are often the result of deficient growth factor signaling or reduced sensitivity to growth factors and require the use of advanced therapies. This contributes to the expanding $15 billion market for wound care products in the United States [6] . Even the most advanced wound care options currently available require many treatments and are often unsuccessful, resulting in 185,000 limb amputations performed in the United States each year [6] . New approaches addressing the deficient growth factor regulation of chronic wounds are urgently needed.
Growth factors have been assessed for therapeutic benefit in wound applications for more than forty years. Despite thorough evaluation of more than a dozen different growth factors, only human platelet-derived growth factor (PDGF) has received approval for clinical treatment of diabetic ulcers [7] . Under the trade name Regranex, the PDGF gel promotes epithelial cell and fibroblast migration and a meta-analysis of 6 clinical trials reveals that overall the treatment is efficacious [8] . However, this has not necessarily translated to significant clinical usage, in part due to its high cost and poor reputation among clinicians [9] . Other notable candidates that have shown modest results in clinical trials include vascular endothelial growth factor (VEGF) for neuropathic foot ulcers [10] , fibroblast growth factor (FGF-1) for deep burns [11] , and transforming growth factor-beta 3 (TGF-β3) for scar prevention [12] . Howeer, none of these have progressed beyond clinical trials, presumably over concerns of a similar fate to Regranex. The multi-faceted etiology of chronic wounds suggests that exogenous application of a single factor may not have a dramatic comprehensive effect on healing outcomes.
One alternative to mono-therapy is to harness the mixture of growth factors produced by the patient themself (autologous) or from a healthy allogenic donor in the form of platelet-rich plasma (PRP). PRP is a fraction of blood plasma containing many therapeutic growth factors released from alpha-granules upon platelet activation [13] . This protein cocktail has high potential to stimulate an accelerated healing response since it contains numerous factors known to play different vital roles in the natural healing progression. Autologous PRP avoids the risk of an immune response during treatment, although allogenic PRP has also been used safely in a clinical setting without serious adverse effects as long as the platelets were removed [14] . PRP is currently approved for use in orthopedic applications and is under investigation for several others including wound healing [14] [15] [16] [17] [18] . There are many ways to prepare PRP though very few studies have utilized consistent methodology, wound types, or patient demographics, which has led to conflicting data regarding its efficacy. Numerous studies report that PRP improves the wound healing response [15, 18, 19] , while numerous others found it to have no significant effect on healing outcomes [19] . Since each study involves a different formulation, it is difficult to determine the true potential of PRP as a wound healing therapy. As with individual growth factor therapies, the proteins found in PRP also have short half-lives, limiting their efficacy without repeated administrations [3, 18] . Our group has previously described a heparin-based complex coacervate as a protein delivery vehicle [1] . Complex coacervates form when solutions of a cationic polymer and an anionic polymer are mixed, resulting in charge neutralization and phase separation of a polymer-rich phase from the bulk water. Here, we use heparin as the anionic polymer. Many therapeutic growth factors such as VEGF, heparin-binding EGF-like growth factor (HB-EGF), and hepatocyte growth factor (HGF) have a natural affinity for heparan sulfate, a glycosaminoglycan (GAG) found in the ECM [20] . Heparin has similar structure and functionality as heparan sulfate, with the ability to protect growth factors from proteolytic degradation and present them to cell receptors in biomimetic fashion [20, 21] . A synthetic polycation, poly(ethylene argininylaspartate diglyceride) (PEAD), was developed to interact with the anionic heparin via polyvalent charge attraction. Unlike most other cationic polymers such as polyethylenimine (PEI), PEAD has low cytotoxicity in cell culture and good in vivo biocompatibility [22] . Upon addition to heparin in aqueous solution, PEAD forms a complex coacervate containing high concentrations of the polymers while the bulk water phase has little polymer left. Thus this system loads heparin-binding growth factors with high efficiency. The final delivery system consists of coacervate droplets suspended within the aqueous phase. The droplets range from 10 to 500 nm in diameter and remain stable for at least one month in vivo [1, 23, 24] . Previous studies have shown that this system sustains the release of growth factors for many weeks and significantly extends their half-lives [1, [24] [25] [26] [27] [28] . As demonstrated in several rodent models, coacervate delivery of growth factors can improve cardiac function after myocardial infarction [23, 25, 26, 29] and accelerate wound healing [24, 28, 30] . Other coacervate formulations have shown effective delivery of microRNA inhibitors to fight atherosclerosis [31] . Here we utilize our coacervate system with PRP in a pig model of wound healing. Pig skin possesses very similar architecture and healing mechanisms as human skin and thus provides an appropriate pre-clinical indication for potential success in human patients. Since PRP is widely available and inexpensive, its validation as a growth factor source for therapeutic application in a large animal model brings this technology one step closer to clinical translation.
Materials and methods

PRP preparation and protein quantification
Plasma samples from healthy human patients were obtained from the Central Blood Bank of Pittsburgh. Fresh plasma was obtained within 4 h of collection from the patient to maintain high bioactivity of growth factors and cytokines. To isolate PRP, the plasma was then centrifuged at 2,000 ×g for 15 min, and the bottom half of the solution was taken as PRP. Thrombin (Sigma-Aldrich, St. Louis, MO) was added at 1000 U/mL and CaCl 2 added at 10% (w/v) with gentle agitation to activate the platelets for one hour. Platelets released their therapeutic proteins into the surrounding plasma upon activation, and the fibrin clot was removed by centrifugation. A 3 kDa MWCO centrifugal filter unit (EMD Millipore, Billerica, MA) was used to further concentrate the proteins in solution. Total protein content was measured by Pierce 660 nm protein assay (Thermo Fisher Scientific, Waltham, MA), and individual growth factor concentrations were quantified using sandwich ELISA kits per manufacturer instructions (PeproTech, Rocky Hill, NJ). Concentrated PRP was stored at −80°C until later use.
Platelet-derived protein loading and release
The loading and release of platelet-derived proteins from the coacervate delivery system over 4 weeks in vitro was measured. Poly(ethylene argininylaspartate diglyceride) (PEAD) was synthesized as previously described [1] . To form the coacervate, 200 μL PRP was combined with 1.6 mg heparin (porcine intestine, Scientific Protein Labs, Waunakee, WI), allowing heparin-binding proteins to bind. The coacervate then self-assembled upon the addition of 8 mg PEAD in a total volume of 800 μL.
The coacervate was pelleted by centrifugation at 12,100 × g for 10 min and initial growth factor loading was determined by measuring the concentration in the supernatant and comparing to the concentration prior to coacervate formation. Fresh 0.9% saline was added to resuspend the coacervate and samples were incubated at 37°C. At predefined time points extending to 21 days, the pelleting procedure was repeated and the supernatant collected for analysis. Fresh saline was then added to resuspend the coacervate.
Animal care
All animal procedures were submitted and approved by the University of Pittsburgh's Institutional Animal Care and Use Committee (IACUC) prior to initiation of this study. Two 3-month old female Yorkshire pigs were used in this study. The pigs were fed standard lab diet twice per day with unrestricted access to water and their health was monitored at least twice daily for any signs of pain or distress. Following surgeries, pigs were housed individually to avoid perturbation of the wound sites.
Wounding procedure
All surgical procedures were conducted under supervision of the Division of Laboratory Animal Resources (DLAR) at the University of Pittsburgh. Sedation was induced using an IM injection of ketamine (20 mg/kg) and xylazine (2 mg/kg) and anesthesia was maintained following intubation with 1-3% isofluorane. Twenty-two full-thickness excisional wounds were created on the back of each pig using 2 cm diameter biopsy punches to ensure consistent wound size (Shoney Scientific Inc., Waukesha, WI). The punch was driven into the fat layer underlying the dermis, and scissors were used to cut along the underlying fat and remove the skin section. Constant pressure was applied with sterile gauze to stop bleeding, using hemostatic collagen (Davol Inc., Warwick, RI) or epinephrine as needed.
Once the bleeding was stopped, Avitene Ultrafoam (Davol Inc., Warwick, RI) cut to fit the wound was applied, and group-specific treatment solution was added via sterile pipet. Upon addition of these solutions the collagen foam swelled to form a gel and retained the treatments within the wound site. Collagen foams have previously been used in these healing models and are used clinically to facilitate healing [32] . One of four treatments was applied to each wound: (1) saline (n = 9), (2) delivery vehicle alone (n = 9), (3) free PRP (n = 8), (4) or PRP coacervate (n = 10). PRP coacervate was formed by combining 400 μl PRP with 3.2 mg filter-sterilized heparin and 16 mg filter-sterilized PEAD. Delivery vehicle was unloaded coacervate formed by similar method but with 400 μl saline instead of PRP, and free PRP was 400 μl PRP in the same total volume of saline. Therefore each wound received the same volume of liquid applied to the collagen bandage, and both free PRP and PRP coacervate treated wounds received the same amount of PRP (400 μl or 61.2 mg protein). Wound treatments were assigned by forced randomization to account for any differences in the skin based on location, and each wound was assumed to be independent of other wounds and treatments ( Fig. 1 ). All wounds received 5 mg ciprofloxacin administered topically to prevent infection.
Large Tegaderm bandages (3 M, St. Paul, MN) were used to cover wound sites followed by Opsite transparent films (Smith & Nephew, London, UK) around the perimeter, forming a watertight dressing. A surgical pad sprayed with silicone-based medical adhesive (Hollister Inc., Libertyville, IL) was then applied on top of the entire wound area to protect the wounds and bandages, followed by a custom-fit jacket (Lomir Biomedical Inc., Malone, NY). Baytril (2.5 mg/kg) was administered IM once per day for seven days following surgery and amoxicillin (7 mg/kg) was administered orally twice per day for the remainder of the study to prevent infection. Carprofen (2 mg/kg) was administered for pain twice daily for five days following surgery. At days 3 and 7, the bandages were changed under brief sedation with ketamine (20 mg/kg) and xylazine (2 mg/kg).
Tissue harvesting and processing
Ten days after wounding the animals were sacrificed with an overdose of sodium pentobarbital (100 mg/kg) administered intravenously. Wounds were photographed for analysis before explant. No signs of infection were present in any wound. The wounds were harvested along with at least 1 cm of surrounding healthy tissue at the depth of the muscle fascia. Each wound was then cut in half sagittally prior to processing. For histology measurements and immunostaining of cytokeratin, tissues were fixed in 2% (w/v) paraformaldehyde for 2 h and then transferred to a 30% (w/v) sucrose solution for cryoprotection for 24 h. Tissues used for immunostaining of von Willebrand Factor (vWF) remained unfixed. All tissue samples were then embedded in optimal cutting temperature (OCT) media and frozen in liquid nitrogen-cooled 2-methylbutane. Tissues were then cryosectioned at 6 μm thickness for further analysis.
Measuring wound contraction
Images of the wounds were taken during the wounding procedure and after sacrifice. Wound area was measured using an automated filter and measurement macro in ImageJ and compared to the original wound area.
Histology
Tissue sections were stained with hematoxylin and eosin (H&E) for gross morphology and qualitative wound healing parameters such as thickness of granulation tissue and the formation of normal dermal substructures. Masson's trichrome stain (MTS) was used to qualitatively assess collagen deposition and alignment within the granulation tissue. Picrosirius red staining was used along with polarized light microscopy to quantify collagen deposition and alignment. Images were taken at the wound edge and center, and the fractional area of collagen was quantified using threshold-based image analysis in ImageJ (NIH). To quantify alignment, the OrientationJ plugin was used to determine the fraction of collagen fibers aligned parallel to the wound surface and the fraction perpendicular to the wound surface. These indicate more and less mature fiber deposition in the scar tissue, respectively, as collagen aligns along the wound surface during scar formation [33] . Collagen alignment is reported as a ratio between parallel and perpendicular-aligned fibers, with higher values indicating an advanced stage of healing.
Immunostaining tissue sections
Immunofluorescent staining of tissue sections was used to determine the effect of each treatment on angiogenesis and reepithelialization. A rabbit polyclonal vWF antibody (1:400 dilution, US Abcam, Cambridge, MA) followed by an Alexa Fluor 594 goat antirabbit antibody (Invitrogen, Carlsbad, CA) was used to detect endothelial cells within the tissue. Since healing is delayed in the center of the wound, images were taken at both the wound edge and the center for quantification. The number of vWF+ cells was counted automatically using NIS Elements software (Nikon, Tokyo, Japan) and is reported as blood vessels per mm 2 area.
Reepithelialization of a wound reestablishes a functional barrier between the wound and its environment and is essential in preventing infection of the underlying tissue. Reepethelialization was quantified using a rabbit polyclonal cytokeratin antibody (1:100 dilution, US Abcam, Cambridge, MA) followed by an Alexa Fluor 594 goat anti-rabbit antibody. The length of the epidermal tongue was measured and reported as a percentage of the total wound length. Wounds with a damaged epithelial layer were not quantified in this analysis. All images were taken using a Nikon Eclipse Ti inverted microscope.
Statistics and power analysis
All parameters were tested for significant differences between treatment groups using one-way independent analysis of variance (ANOVA) followed by Gabriel's post hoc testing with a significance value p b 0.05. Analysis was performed using SPSS 22.0 software. Sample size was determined through a power analysis in G*Power, using wound closure rates reported in our previous wound healing study [24] . This analysis showed a sample size of at least n = 4 wounds per treatment group is needed to gain 80% power.
Results
Coacervate system preferentially loads and releases heparin-binding growth factors
PEAD carries two positive charges per repeat unit. The polycation forms a complex coacervate when mixed with anionic heparin, visible as a turbid solution. The natural affinity between many therapeutic growth factors and heparin allows these proteins to preferentially load into the coacervate system. Although only 7% of total PRP proteins were loaded, heparin-binding VEGF and PDGF had loading efficiencies exceeding 60% (Fig. 2a) . These proteins exhibited a burst release in the first day, followed by a nearly linear release over the following three weeks (Fig. 2b) .
PRP coacervate accelerates pig wound closure
To assess in vivo efficacy, 20 mm round wounds were created on the backs of Yorkshire pigs and treated with PRP coacervate, an identical dose of free PRP, unloaded coacervate delivery vehicle alone, or saline as controls. Porcine skin, like that of humans, heals primarily by reepethelialization [34] . Immunofluorescent detection of cytokeratin for epidermal keratinocyte cells showed a significantly increased reepithelialization rate (35% relative to saline) 10 days after wounding compared to saline and delivery vehicle alone (Fig. 3) . No significant differences existed between other treatment groups. Wounds treated with PRP coacervate also exhibited a thicker epidermis adjacent to the wound margin compared to other groups. Positive cytokeratin staining was also observed in sebaceous glands and hair follicles of healthy tissue as expected.
PRP coacervate modulates vascular density
The vascular density of the wounds was measured at day 10 using vWF immunofluorescence to identify endothelial cells. In the wound center, vascular density was significantly higher than in healthy tissue indicating an influx of blood vessels into the wound bed, and no significant differences between treatment groups were observed (Fig. 4a,b) . However, at the wound edges, blood vessel density of wounds treated with PRP coacervate resembled that of uninjured tissue (Fig. 4a) . Furthermore, the blood vessel density in PRP coacervate treated wounds was significantly lower than all other treatment groups (Fig. 4a,c) . Since wounds heal more quickly at the edges, these data suggest that wounds treated with PRP coacervate were at an advanced stage of healing relative to other treatments. 
PRP coacervate decreases wound size
Wound closure was also analyzed macroscopically to confirm measurements made histologically. Automated measurements of wound area showed a significant decrease in wound size after 10 days compared to all other treatments (65% original wound size for PRP coacervate treated wounds compared to 83% when treated with saline). Free PRP or the delivery vehicle alone did not cause a significant reduction in wound size (Fig. 5b) . Further, wounds that did not receive PRP coacervate treatment were visibly deeper and dark red in color, indicating unhealthy granulation tissue formation (Fig. 5a) [35] . The light pink color and raised appearance of granulation tissue seen in the PRP coacervate wounds indicate healthy granulation [35] . No signs of infection were present in any wound. 
PRP coacervate accelerates granulation tissue maturation
Granulation tissue provides a temporary matrix for cells to infiltrate and repair the wound bed after injury. As expected, H&E staining showed high cellularity and vascularity in the granulation tissue of all wounds relative to surrounding healthy tissue (Fig. S1 ). Collagen deposition by fibroblasts had begun within 10 days in all wounds as seen by MTS (Fig. S2) . Collagen deposition and alignment was quantified the edge and middle of each wound to determine the effect of PRP coacervate on granulation tissue formation. In both the wound edges and center, it was evident that treatment with PRP coacervate resulted in increased collagen deposition (Fig. 6a,b) . Regardless of treatment, the amount of collagen was significantly greater at the wound edges than in the center. This is consistent with our analysis of wound angiogenesis which shows advanced healing at the wound edge. Collagen alignment was also quantified as the ratio of collagen fibers running parallel to the fibers running perpendicular to the wound surface. A higher ratio indicates preferential alignment along the wound surface, indicative of advanced scar formation; a ratio near 1 indicates no preferential alignment and therefore an earlier stage of granulation tissue organization. At the wound edge, PRP coacervate significantly increased collagen alignment parallel to the wound surface compared to all other treatments. This trend was also seen in the wound centers but was not significant (Fig. 6a,c ). These results demonstrate the ability of PRP coacervate to beneficially modulate collagen deposition and alignment in the early stages of wound granulation.
Discussion
The widespread use of PRP as a therapy remains highly debated in medicine. Autologous PRP is typically highly variable because of inherent differences between patients, methods of preparation, and whether it is used as a liquid or a thrombin-induced hydrogel [16, 36] . This leads to inconsistent results between patients and studies when used clinically as an autologous therapy. PRP activated by thrombin can be applied as a gel and has been described as a controlled release system to improve the efficacy of PRP [18] . However, these studies have been restricted to small animal models or large animals models without sufficient characterization of protein release, and most have not been injectable [37] . Here we report a systematic study of the effects of PRP in a porcine model and the benefits of controlled release for wound healing.
Appropriate controlled delivery systems are crucial to achieve high therapeutic efficacy of growth factors [2] . Short half-lives, adverse offtarget effects, and poor spatio-temporal control are common issues of free protein application which can be solved using controlled release systems [38] . One intuitive approach is to harness the native properties of ECM molecules which sequester growth factors, prevent their degradation and promote their bioactivity [39] . Several different types of delivery platforms have been developed along this theme, utilizing ECM molecules vitronectin, fibronectin, and heparin. In one such platform, vitronectin complexes with insulin-like growth factor (IGF) and epidermal growth factor (EGF) demonstrated wound healing efficacy in large animals and safety in humans [40, 41] . In another approach, synthetic fibronectin-like peptides were developed to deliver several different heparin-binding growth factors and cytokines and evaluated in small animal studies [42] [43] [44] . Our lab has characterized a heparin-based platform which takes the form of liquid coacervate droplets that load and release heparin-binding proteins [1, 45] . HB-EGF delivered by the coacervate system accelerated healing in both diabetic and non-diabetic rodent wound models [24, 28] .
The use of multiple growth factors with the coacervate system has been explored previously to stimulate angiogenesis with VEGF and hepatocyte growth factor (HGF) [46] . The co-release profile of these two factors was nearly linear over 3 weeks with no initial burst release. In comparison, both PDGF and VEGF exhibit a 50% burst release from the PRP coacervate within 1 day of coacervate formation, followed by a nearly linear release profile over 3 weeks (Fig. 2b) . Interactions between heparin and growth factors are primarily charge-driven [20] . When using small doses of proteins as was done previously, this interaction has negligible effects on the PEAD:heparin charge-based interaction. However, this study utilizes high protein concentrations; as more proteins bind to a heparin molecule, fewer sulfate groups are available to bind the PEAD polycation. Thus the coacervate formed is less stable than those formed with small protein doses. This causes the coacervate to dissociate at a faster rate, which likely explains the high initial release of proteins shown here.
Heparin has been used in many growth factor therapies since the heparin:growth factor complex is stable and resistant to proteolysis [47, 48] . Additionally, heparin potentiates the bioactivity of the proteins by facilitating their reactions with cell surface receptors [39, 49] . Indeed, heparin also has several beneficial roles in the wound healing process [50] . Its use in our delivery system provides the advantage of preferentially loading heparin-binding growth factors for sustained release. Although b10% of the total protein content of PRP becomes incorporated into the coacervate, heparin-binding proteins such as PDGF and VEGF exhibited a loading efficiency exceeding 60%. To our knowledge this is the first report of a PRP delivery system that is able to preferentially load and release heparin-binding growth factors from complex protein solutions. Prior studies utilizing heparin have largely involved its covalent immobilization to the surface of a polymeric scaffold or within a hydrogel, thereby endowing the biomaterial with growth factor affinity [51] . However, covalent linkage may partially or fully inhibit the activity of heparin, reducing growth factor loading efficiency or creating a steric selectivity for heparin-binding protein of certain sizes or conformations. The coacervate platform employs heparin in free-form which maintains its native functionality and consistently provides high loading capacity. Furthermore, the heparin-binding complexes are mobile and able to interact with cell surface receptors and thereby potentiate growth factor bioactivity. In comparison, immobilized heparin may hold growth factors to a surface or deep within a scaffold that cells must infiltrate to access. Although heparin is classically used as an anticoagulant, we have not observed excessive bleeding in wounds treated with the coacervate. This is likely because heparin is not free in our system but instead neutralized by virtue of being bound to growth factors and the polycation. A system using free heparin amphiphiles has also been reported, yet growth factor release was not characterized beyond 10 days [52, 53] .The advantages of the coacervate system are owed to the unique liquid-liquid phase separated structure held together by electrostatic interactions of heparin and the novel cationic polymer PEAD.
A porcine model of full-thickness excisional wounds is one of the best pre-clinical wound healing models as pig skin heals by similar mechanisms to human patients [34] . Here we demonstrate that PRP itself is unable to improve wound healing; however the controlled release of its therapeutic proteins can accelerate the wound healing process. Wound vascularization and collagen fiber deposition and alignment within in the granulation tissue indicated improved wound maturation in PRP coacervate-treated wounds. Additionally, smaller gross wound size and enhanced reepithelialization shows that wound closure was also accelerated. The use of PRP coacervate essentially creates two stages of release: an initial diffusion of all unincorporated PRP proteins followed by a sustained release of the heparin-binding growth factors. Sequential release of individual growth factors by the coacervate has previously demonstrated enhanced therapeutic efficacy [26, 54] . The PRP coacervate creates an analogous situation in the present study where high initial concentrations of unincorporated proteins induce a strong acute response followed by the sustained release of heparin-binding proteins which enact long-term effects. Additional studies are needed to determine the effect of incorporated versus unincorporated proteins within the PRP coacervate therapy.
Angiogenesis is a vital component of the wound healing process. The formation of leaky capillaries allows cells and proteins to infiltrate the damaged tissue and begin healing [5, 55] . A high capillary density was observed in the center of all wounds assessed in this study, indicating the normal angiogenic process was not significantly disturbed. Since wounds heal from the edge, granulation tissue near the wound edge matures faster than the center of the wound where granulation tissue forms last [55] . Therefore we are able to see a progression of the angiogenic process moving from the edge to the interior of the wound. The vessel density of all treatment groups was lower at the wound perimeter compared to the center, indicating that the wound margin had progressed through the peak of angiogenesis and was returning to the vascularization levels of native skin. These regional differences in healing based have been established in several previous studies, particularly regarding the angiogenic response [56, 57] . The difference arises in wounds treated with PRP coacervate, where vessel density is similar to other wounds at the center but is significantly lower at the wound margin. This suggests that controlled PRP release accelerates the angiogenic phase of healing, returning vessel density to near-normal levels at a faster rate and exhibiting a more advanced stage of healing. Longer timepoints are necessary to confirm that acceleration of the angiogenic phase improves long-term healing of these wounds. This has significant relevance when comorbidities are present such as peripheral arterial disease or diabetes.
There are several limitations of the current study to be addressed in the future. The relatively short duration (10 days) of this study allows insight into the early stages of wound healing such as reepithelialization rate, changes in the angiogenic response, and collagen deposition. We have shown changes in these parameters in response to PRP coacervate, but now longer timepoints are needed to assess functional outcomes such as full reepithelialization, wound maturation, and the mechanical strength of the resulting scar. Due to a limited sample size, we were unable to determine if PRP coacervate follows a dose-dependent outcome, but in future studies we will optimize PRP dosing for wound healing. Additionally, we plan to employ diabetic pig models to evaluate the efficacy of PRP coacervate for chronic wound healing.
This study demonstrates the therapeutic benefits of controlled PRP release for wound healing applications. A quick and simple assembly method allows adaptability for either rapid autologous preparation at the bedside or an allogenic sourced off-the-shelf product. The liquid nature of our coacervate system allows it to be injected directly into the wound bed or incorporated into a substrate for application. This is especially advantageous as it can be applied to commercially available sponges containing antibiotics to help prevent infection. Other systems are not as compatible with the current standard-of-care, making it difficult to both treat the wound and prevent infection simultaneously. This makes the coacervate system easily adaptable to a number of different dressings and bandages. The controlled release mechanism allows treatment to be applied once every few weeks rather than daily as seen in traditional protein therapies. Given the ability of this therapy to capture many proteins, this study suggests that the coacervate vehicle could also be adapted to other therapeutic applications in large animal models.
Conclusions
This study evaluated the efficacy of traditional PRP treatment and the advantage of a controlled release PRP formulation on cutaneous wound healing. We have shown that the sustained release of PRP proteins is able to significantly improve wound closure within 10 days of wounding, while the clinical standard of free PRP proteins demonstrates no significant benefit. This is accompanied by a significant alteration in vascularity of the wound edge, returning vessel density to near-healthy levels. These results suggest that the controlled delivery of PRP proteins using the coacervate vehicle encourages accelerated healing of cutaneous wounds in a porcine model. The widespread use of PRP in humans combined with the clinical relevance of the porcine wound healing model emphasize the impact of this study on the translational potential to enhance autologous procedures with an easy-to-use protein delivery platform
